As one of structural health monitoring systems, the authors developed a broadband ultrasonic propagation system using macro fiber composite (MFC) actuators and fiber Bragg grating (FBG) sensors. This system can send and receive broadband Lamb waves efficiently in a specific direction, and the MFCs and FBGs can be integrated into composite laminates because of their flexibility and high fracture strain. In this research, this system was applied to detect an interlaminar delamination in carbon fiber reinforced plastic (CFRP) laminates. One MFC and one FBG were bonded on each surface of the CFRP laminate to generate and receive the symmetric modes and the anti-symmetric modes separately for identification of the multiple modes of Lamb waves in the laminate. Then we investigated the mode conversion of Lamb waves at both tips of a delamination in the middle of the thickness of the laminate, through an experiment and finite element analysis (FEA). On the basis of the knowledge about the mode conversion, an index to evaluate the delamination length was proposed using velocity changes by the mode conversions. From the results of experiments and FEA for the laminates with an artificial delamination, this new index was found to be effective to evaluate the delamination progress in the laminate quantitatively.
Introduction
In recent years, carbon fiber reinforced plastic (CFRP) laminates have been applied to primary structures in the latest civil aircrafts. However, there is a possibility that delamination damages will appear in the laminate when impact loadings are applied, and the damages deteriorate the compression strength of the laminate. In order to detect the damages inside of the laminates easily in real time, health monitoring systems using pre-installed sensors are attracting attention (1) . As one of the monitoring techniques, many researchers study the damage detection methods with Lamb waves propagated in thin plate structures (2) ~ (10) . In general, bulk piezo-electric ceramics of lead-zirconate-titanate (PZT) are used to send and receive the ultrasonic waves. In that case, since the bulk PZTs utilize their resonant frequency, the generated ultrasonic waves are limited within the narrowband.
However, the authors have succeeded in receiving ultrasonic waves by using fiber Bragg grating (FBG) sensors that are a kind of optical fiber sensors (11) ~ (13) . On the other hand, macro fiber composite (MFC) actuators developed in NASA consist of a lot of thin PZT fibers (14) and can be used as a generator of ultrasonic waves (15) . These components do not have the resonant frequency and have high directional characteristic because both of them are fibrous and flexible. Thus broadband ultrasonic waves can be sent and received efficiently in a specific direction by the combination of these components (16) . Moreover, these devices can be integrated into the CFRP laminates because of their thinness and lightweight. Also, whereas the bulk PZT devices bonded to the laminates have a possibility of fracture or debonding under large strain, the MFC and the FBG do not fracture because of their low stiffness and high fracture strain.
When a broadband Lamb wave is propagated in CFRP laminates, the frequency dispersion characteristic of the wave can be observed easily. Since the dispersion characteristic changes depending on the thickness, the delamination that induces the change in the thickness is expected to be detected from the change in the frequency dispersion.
In this research, the authors constructed a system consisting of MFC actuators to generate broadband Lamb waves and FBG sensors to receive the propagated waves. Then this system was applied to a CFRP quasi-isotropic laminate to examine the broadband characteristic, and the modes of the Lamb waves propagating in the laminate were identified by exciting the waves with two MFCs and receiving them in two FBGs on both surfaces of the laminate and comparing the waves with theoretical dispersion curves. On the basis of the mode identification, we investigated the mode conversion of Lamb waves at both tips of a delamination in the middle of the thickness of the lamimate through an experiment and finite element analysis (FEA). Finally, CFRP laminates with an artificial delamination were munufactured and the broadband Lamb waves were propagated through the delaminated area in order to establish the delamination detection method using the change in the mode dispersion characteristic.
System Configuration
The MFC actuator used to excite broadband waves is a flexible actuator developed in NASA Langley Research Center and commercialized in Smart Material Corp. (14) As shown in Fig. 1 , the MFC consists of many thin rectangular PZT fibers sandwiched between layers of epoxy adhesive and polyimide film with electrodes. In our experiments, the MFC actuators (M-2814-P2(d 31 effect), Smart Material Corp., the width: 14mm, the thickness: 0.3mm) were cut into the longitudinal length of 6mm. This is because the wavelength of A 1 mode of Lamb waves used in this research to evaluate the delamination length is longer than 10mm and the length of MFC should be shorter than the wavelength to be able to excite the A 1 mode. The MFCs were bonded on the CFRP laminate with epoxy adhesive or cyanoacrylate adhesive.
The FBG sensor used to receive propagated waves is a kind of optical fiber sensors. The FBG is fabricated in an optical fiber to have a periodic variation in the refractive index along a certain length of the core as shown in Fig. 2 . When a broadband light is injected into the core, the FBG reflects a narrow spectral component at the Bragg wavelength that is proportional to the applied strain. Recently, the authors developed a high-speed optical wavelength interrogation system in cooperation with Hitachi Cable Ltd. (17) This system uses an arrayed waveguide-grating (AWG) filter, which consists of many narrowband optical filters with different wavelength ranges and has been used in optical communications, to sense the Bragg wavelength and can detect high-speed strain changes caused by the propagation of ultrasonic waves. The FBG used in this research was coated with polyimide (Fujikura Ltd., the outside diameter: 150µm) and was bonded on the surface of the laminate with cyanoacrylate adhesive. The sensor length of the FBG is 1.5mm that is much shorter than the wavelength of the A 1 mode to detect the wave clearly. Figure 3 illustrates the configuration of our system. A waveform signal generated with a multifunction generator (WF1974, NF Corporation) is amplified to a high-voltage signal by a high-speed bipolar amplifier (HSA4012, NF Corporation) and input to the MFC for excitation of ultrasonic waves. After that, the wave propagated in the structure reaches the FBG sensor, and the strain change is converted into the voltage signal by the high-speed optical wavelength interrogation system and displayed on a digital oscilloscope (DL708E, YOKOGAWA). The MFC excites the normal strain axially in the PZT fibers and FBG detects the axial strain in the fibrous optical fiber without utilization of their resonant frequency. Hence this system has a broadband characteristic and propagates waves in a specific direction because of their high directional characteristics. Furthermore, these devices can be integrated with composite laminates since they are really small and lightweight. Also, this system has high reliability because the devices are flexible and have high fracture strain. 
Confirmation of the Broadband Characteristic
In order to confirm the performance of this system, a broadband Lamb wave was propagated in a CFRP quasi-isotropic laminate of 3.4mm in the thickness (T700S/2500, [45/0/-45/0] 3s , Toray Industries, Inc.). The MFC actuator and the FBG sensor were separated by 100mm and were bonded on the surface of the laminate with an epoxy adhesive and a cyanoacrylate adhesive respectively as shown in Fig. 4 . The voltage signal input to the MFC is one-cycle sinusoidal wave at 400kHz with Hamming window. The input waveform is plotted in Fig. 5 with the Fourier transform result. This input wave is confirmed to be broadband from DC to about 1MHz. In the measurement, 32768 received waves in the FBG were averaged for noise reduction. The received waveform, the Fourier transform result, and the continuous wavelet transform (CWT) result obtained by using the complex Morlet wavelet are shown in Fig. 6 . The Fourier spectrum indicates that this system can send and receive broadband Lamb waves in almost the same frequency range as the input voltage signal. Furthermore, the frequency dispersion of the Lamb waves can be observed in the CWT result. 
Mode Identification of Lamb waves 4.1 Mode separation in experiments
For the identification of the modes observed in Fig. 6 (c), theoretical dispersion curves of Lamb waves were calculated. The group velocities of all the modes propagating in the CFRP quasi-isotropic laminate with the thickness of 3.4mm were obtained at each frequency using the software DISPERSE, and the propagation times in the distance of 100mm were determined from the velocities and plotted in Fig. 7 . Comparing with this calculation result, we can guess that 5 modes of A 0 , S 0 , A 1 , S 1 , and S 2 exist in the experimental result of Fig. 6 (c). However, these modes overlap in the graph, mode separation is needed in order to identify the modes clearly.
Hence as illustrated in Fig between the top and bottom surfaces as illustrated in Fig. 9 . Therefore, when the voltage signal ( Fig. 5 ) is input to both the top and bottom MFCs with the same phase, only S modes are excited. Conversely, when the phase of the input signal into the bottom MFC is changed to be opposite to that into the top MFC, only A modes are excited because the strains with opposite sign are generated between the both surfaces. On the other hand, when the two waves received in the top FBG and the bottom one are superposed, only S modes are extracted from the received waves. In contrast, when the wave received at the bottom surface is subtracted from that at the top surface, only A modes can be extracted. Figure 10 shows the CWT result for the symmetric modes of Lamb waves that were excited by the two MFCs with the same phase and extracted by the superposition of the two waves received in the two FBGs. Then Fig. 11 shows that for the anti-symmetric modes excited by the MFCs with the opposite phase and extracted by the subtraction of the two received waves. The S modes and the A modes were separated clearly. Compared with the theoretical dispersion curves in Fig. 7 , three symmetric modes of S 0 , S 1 , and S 2 are identified in Fig. 10 , and two anti-symmetric modes of A 0 and A 1 are identified in Fig. 11 , where the subscripts of A and S mean order of each mode and the higher order mode has more complex strain distribution in the plate.
Symmetric (S) mode
Anti-symmetric (A) mode 
Validation with finite element analysis
In order to validate the experimental results of mode identification, numerical simulations were conducted with 2-dimentional finite element analysis (FEA) using the software LS-DYNA. The FEA model is shown in Fig. 12 . The CFRP laminate and the MFC actuator were modeled with shell elements for 2D plane strain and the element dimensions were 125µm × 125µm, which were smaller than 1/10 of wavelengths of Lamb waves. In order to prevent the reflection of Lamb waves at the front end and the back end of the laminate, the length of the laminate was set to be much longer than the actual specimen. The piezoelectric effect of the MFC was substituted by thermal expansion effect and the voltage signal input to the MFCs was applied as the equivalent temperature change. Hence, the MFCs were actuated by the equivalent temperature signal. As for the boundary conditions, all the surfaces of the laminate and MFCs were free, and the MFCs were fixed to the laminate completely by nodal connections. The mechanical properties of the CFRP and MFC are listed in Table 1 . Then, the time histories of the strain in the longitudinal direction were obtained as received waves in FBGs at the receiving points (Point 1 and Point 2 in In the FEA, there is no misalignment of the two MFCs and they can behave ideally. Hence, when the two MFCs were actuated with the same phase, the waves received at Point 1 and Point 2 agreed completely and the waves are symmetric modes. Similarly, under the actuation of the two MFCs with the opposite phase, the two waves agreed except for the opposite phase and the waves are anti-symmetric modes. Figure 13 shows the CWT results 
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Vol. 5, No. 5, 2011 of the S modes and A modes received at Point 1. S 0 , S 1 , and S 2 modes were observed in Fig.  13 (a), and A 0 , A 1 , and A 2 modes appeared in Fig. 13(b) . Compared with the experimental results (Figs. 10 and 11), although these calculation results have slight difference in the amplitude balance among the multiple modes, the frequency dispersion almost agrees with the experimental result. These results indicate that the experiments can obtain the symmetric and anti-symmetric modes accurately. 
Investigation of Mode Conversion by Delamination in CFRP Laminate

Mode conversion due to thickness change
Generally, Lamb waves convert their modes at the points where the thickness of the plate changes, and some modes are reflected backward. The main reason of the mode conversion is that the mode dispersion curves strongly depend on the thickness of the plates. Figure 14 shows the theoretical dispersion curves calculated for the CFRP quasi-isotropic laminate with the thickness of 1.7mm. Compared with the graph in Fig. 7 , it is confirmed that the horizontal axis of the graph expanded twice when the thickness becomes half. Although three modes of A 0 , S 0 , and A 1 exist at 300kHz in the laminate with the thickness of 3.4mm, the A 1 mode cannot propagate in the laminate of 1.7mm. Hence at the point where the laminate thickness changes from 3.4mm to 1.7mm, the A 1 mode will be converted to S 0 and A 0 . Inversely, when the thickness changes from 1.7mm to 3.4mm, some energy of S 0 and A 0 modes will be converted to A 1 . Therefore, if there is a delamination in the middle of the thickness of the laminate, it is expected that the frequency dispersion curves of the Lamb waves that pass through the delaminated area will change because of the mode conversions at the both tips of the delamination. In this research, we take advantage of this phenomenon to detect delamination damage in the laminate quantitatively. 
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Investigation of mode conversion by numerical simulation with FEA
In order to clarify the mode conversions at the tips of a delamination in the CFRP laminate, numerical simulations of the propagation behavior of Lamb waves in the laminate were conducted with 2D FEA. The FEA model is basically same as that in the section 4.2 and shown in Fig. 15 . A delamination with the length of 60mm was formed in the almost middle of the thickness of the laminate using double nodes without contact condition. The receiving points x R were changed with 10mm increments from the MFCs for detailed observation of the wave propagation behavior.
First of all, symmetric modes were excited in the laminate by the same actuation of the two MFCs. Then the symmetric modes and the anti-symmetric modes were separated from the two received waves on both surfaces at each receiving points x R . Figure 16 shows the CWT results obtained at the point before the delamination (x R = 20mm), that in the delaminated area (x R = 60mm), and that after the delamination (x R = 110mm). The modes in the graphs were identified through the comparison with the theoretical dispersion curves in Figs. 7 and 14 . At the point x R = 20mm, three symmetric modes of S 0 , S 1 , and S 2 appeared due to the symmetric excitation. On the other hand, anti-symmetric modes were also observed. These were A 1 modes reflected from the both ends of the delamination after the mode conversion, which was estimated from the arrival time and the propagation velocity considering the results at x R = 10mm and 30mm. Then, from the result at the point x R = 60mm, it was found that the S 1 and S 2 modes were converted to the A 1 and S 0 modes. Also, some energy of the S 0 mode in the frequency range of 400kHz to 700kHz was converted to the A 0 mode. After the pass through the delamination (x R = 110mm), three symmetric modes of S 0 , S 1 , S 2 and one anti-symmetric modes of A 1 existed due to the mode conversion at the right end of the delamination. Next, anti-symmetric modes were excited in the laminate by the opposite actuation of the two MFCs. Figure 17 shows the CWT results obtained at the three points x R = 20mm, 60mm, and 110mm. At the point x R = 20mm, two anti-symmetric modes of A 0 and A 1 existed due to the anti-symmetric excitation. In this case, symmetric modes of S 1 and S 2 also appeared by the reflection from the both ends of the delamination after the mode conversion. Then, the result at the point x R = 60mm indicates that the A 1 mode propagated only in the frequency range higher than 500kHz in the delaminated area. Large part of the wave energy of A 1 modes were guessed to be converted into S 0 modes. Also, the A 1 mode reflected from the right end of the delamination was observed. After the pass through the delamination (x R = 110mm), the amplitude of the A 1 mode increased largely due to the mode conversion from S 0 to A 1 . In the symmetric modes, S 1 and S 2 modes appeared twice with different arrival time. The faster S 1 and S 2 modes were guessed to be converted from S 0 and A 1 modes, and the slower ones were from A 0 . 
Investigation of mode conversion by experiment
Furthermore, the mode conversion behavior was investigated by an experiment. In order to simulate the delamination in the middle of the thickness of a CFRP quasi-isotropic laminate (T700S/2500, [45/0/-45/0] 3s , Thickness: 3.4mm) and to place an FBG sensor on the inside surface of the delamination, two CFRP laminates with the half thickness (T700S/2500, [45/0/-45/0] 3 , Thickness: 1.7mm) were fabricated and bonded each other to form the laminate configuration [45/0/-45/0] 3s . The dimensions of the specimen and the positions of the MFCs and the FBGs bonded on the laminate with a cyanoacrylate adhesive are shown in Fig. 18 . The left end of the delamination was set 40mm away from the MFCs and the positions of FBG sensors x F were 30mm (in the intact region) and 70mm (in the delaminated region) from the MFCs. Figure 19 shows the results in the case of the symmetric excitation with the two MFCs. At each FBG position x F , the symmetric modes and the anti-symmetric ones were separated by superposition or subtraction of the two waves received in the two FBGs on the both surface of the laminate. In the intact area (x F = 30mm), we can observe three symmetric modes of S 0 , S 1 , and S 2 generated by the symmetric excitation and the anti-symmetric modes reflected from the delamination. Then in the delaminated area (x F = 70mm), only S 0 mode in 200kHz to 500kHz and A 1 mode with higher frequency than 400kHz appeared. These modes were generated by the mode conversion from S 1 and S 2 to S 0 and A 1 . Then the 
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Vol. 5, No. 5, 2011 results in the case of the anti-symmetric excitation are shown in Fig. 20 . In the intact area (x F = 30mm), two excited anti-symmetric modes of A 0 and A 1 and some symmetric modes reflected from the delamination appeared. Then in the delaminated area (x F = 70mm), A 0 mode existed in the frequency lower than 400kHz and A 1 mode in the frequency higher than 400kHz. Also, S 0 mode appeared due to the mode conversion from A 1 to S 0 . These experimental results have the same tendency of the mode conversion at the left end of the delamination as the numerical simulation results. Thus, if the delamination has the right end, these actual waves will behave the same mode conversion at the right end of the delamination as the numerical simulations.
Quantitative Evaluation of Delamination in CFRP Laminate
Principle of delamination detection method
On the basis of the knowledge about the mode conversion, we proposed a new detection method for the delamination in the laminate. In the many mode conversions observed in the chapter 5, the conversion between the A 1 modes and the S 0 modes will be useful, since the difference of the group velocities between these two modes depends on the frequency. The velocity difference between the A 1 mode in the intact region (the thickness: 3.4mm) and the S 0 mode in the delaminated region (the thickness: 1.7mm) increases with a decrease in the frequency as shown in Fig. 21 . When the A 1 mode is excited in a laminate with a delamination as shown in Fig. 22 , the A 1 mode with lower frequency than the cut-off frequency (about 450kHz in Fig. 14) cannot propagate in the delaminated area. Hence the A 1 mode is converted into S 0 mode at the left end of the delamination and the S 0 mode pass through the delaminated area. Then the S 0 mode is converted into A 1 mode reversely at the right end of the laminate and the A 1 reaches the FBG sensors. Therefore, the arrival time of A 1 mode decreases with an increase in the length of the delamination. Considering the dependency of the velocity difference on the frequency (Fig. 21) , the frequency dispersion of the A 1 mode will change depending on the delamination length. This phenomenon will be observed by the anti-symmetric excitation with two MFCs and subtraction of two waves received in two FBGs in the broadband frequency range. Fig. 21 Frequency dispersion of the group velocities of the A1 mode in the intact region (the thickness:
3.4mm) and the S0 mode in the delaminated region (the thickness: 1.7mm). 
Confirmation of the delamination detection method by numerical simulation
For the confirmation of the above principle of the delamination detection method, numerical simulations were conducted with FEA. The calculation model was the same as that in the section 5.2, and the delamination length L was set to be 0mm (intact laminate), 20mm, 40mm, and 60mm. The center of the delamination and the receiving points in FBGs were positioned at 60mm and 100mm away from the MFCs respectively as illustrated in Fig. 23 . Figure 24 shows the CWT results for the anti-symmetric modes by subtraction of two waves received on the both surfaces in the case of the anti-symmetric excitation with two MFCs. These CWT results seem almost the same independent of the delamination length L. Then the maximum peak was extracted at each frequency from the CWT results and those of A 1 mode in the frequency range from 200kHz to 700kHz are plotted in Fig. 25 . With an increase in the delamination length L, the A 1 mode arrives faster. Furthermore, the decrease rate of the arrival time increases as the frequency becomes lower. This tendency of the change in the A 1 mode dispersion is consistent with the velocity difference shown in Fig. 21 and the mode conversions between A 1 and S 0 at the both ends of the delamination shown in 
Experiments of the delamination detection
On the basis of the principle of the detection method confirmed by FEA, we conducted experiments of the detection of artificial delamination in CFRP laminates.
As shown in Fig. 26 , two Teflon films with each thickness of 50µm were stacked and 
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Vol. 5, No. 5, 2011 embedded in the middle of the thickness of the 3.4mm CFRP quasi-isotropic laminate during the manufacturing to simulate an artificial delamination. Four specimens were prepared with different delamination lengths L = 0mm, 20mm, 40mm, and 60mm. Then the two MFCs and two FBGs were bonded using the cyanoacrylate adhesive on the both surface of the laminate with the same positions as the above numerical simulation shown in Fig. 23 . The picture of the specimen with the delaminations of 20mm and 60mm in L is shown in Fig. 27 . The voltage signal input to the MFC is one-cycle sinusoidal wave at 400kHz with Hamming window (Fig. 5 ). Figure 28 shows the CWT results for the anti-symmetric modes obtained by subtraction of two waves received in two FBGs in the case of the anti-symmetric excitation with two MFCs. Then, the maximum peak was extracted at each frequency from the CWT results and those of A 1 mode in the frequency range from 200kHz to 700kHz are plotted in Fig. 29 . In the same way as the numerical simulations, the A 1 mode arrives faster with an increase in the delamination length L, and the decrease rate of the arrival time increases as the frequency becomes lower. From the dispersion curve of the A 1 mode in Figs. 7 and 14 , the A 1 mode in the frequency range from 250kHz to 400kHz is completely converted to S 0 mode in the delaminated area with the thickness of 1.7mm. Here, we assumed that the A 1 Fig. 26 Cross-section of the CFRP laminate with an artificial delamination formed with two Teflon films in the middle on the thickness. mode is easily converted to the S 0 mode with the closer velocity to the A 1 mode than the A 0 mode, and this assumption was verified in the chapter 5. Hence we obtained the slope of the A 1 arrival time against the frequency in the range from 250kHz to 400kHz by a linear regression as shown in fig. 30 . The absolute value of the obtained slope was plotted against the delamination length in Fig. 31 . Furthermore, the reduction amount of the arrival time from the intact condition (L = 0mm) were obtained at 300kHz from the linear regression result and plotted in Fig. 32 against the delamination length. It is found that the absolute value of the slope of the A 1 dispersion in the range from 250kHz to 400kHz decreases and the arrival time difference increases with an increase in the delamination length. Also, these indexes obtained from the FEA are plotted in the same graphs of Figs. 31 and 32. Since the results agree well between the experiment and the FEA, these changes are validated to be effective to evaluate the delamination length taking advantage of the mode conversion of A 1 . In this research, we used only the CFRP laminate with the thickness of 3.4mm. However, since the horizontal axis of theoretical dispersion curves (See Figs. 7 and 14) can intrinsically be expressed as 'frequency × thickness', this detection method will be applied to the laminates with different thickness by changing the frequency range whenever the delamination exists in the middle of the thickness. 
Conclusions
In this research, the authors constructed a built-in broadband Lamb wave propagation system consisting of MFC actuators and FBG sensors. This system was applied to a CFRP quasi-isotropic laminate to examine the broadband characteristic, and the modes of the Lamb waves propagating in the laminate were separated into symmetric modes and anti-symmetric modes by exciting waves with two MFCs and receiving them in two FBGs on both surfaces of the laminate. Through the comparison of the CWT results with theoretical dispersion curves, we succeeded in identification of the many modes. Then we investigated the mode conversion of Lamb waves at both tips of a delamination in the middle of the thickness of the CFRP lamimate through an experiment and finite element analysis (FEA). On the basis of the knowledge about the mode conversion, we proposed a new delamination detection method using the conversion between the A 1 mode and the S 0 mode. Both the experimental results and the FEA results showed that the absolute value of the slope of A 1 mode dispersion in the range from 250kHz to 400kHz decreased and the arrival time difference increased with an increase in the delamination length. Hence this method was validated to be effective to evaluate the delamination length quantitatively.
We investigated applicability for a delamination positioned only in the middle of the thickness in this research. However, this detection method will be applied to the detection of debonding in the bonded structure consisting of two CFRP laminates with the same thickness. On the other hand, under the actual impact loading, delaminations appear in many interlaminar interfaces with different size. Hence the quantitative evaluation of the damage size will be difficult by this method. In that case, however, since the thickness of the each sub-laminate decreases largely from the intact thickness, the drastic change of the mode dispersion will be expected.
